Carpal kinematics have been previously limited to in vitro models with cadaveric specimens. Using a newly developed markerless bone registration algorithm, we noninvasively studied the in vivo kinematics of the capitate, scaphoid, and lunate during wrist extension and flexion in both wrists of 5 men and 5 women. Computed tomography volume images were acquired in neutral and in 2 positions in both extension and flexion. The 3-dimensional kinematics of the capitate, scaphoid, and lunate relative to the radius were the determined. Scaphoid and lunate rotations differed for flexion and extension but were found to vary linearly with capitate rotation. In flexion the scaphoid contributed 73% of capitate motion and the lunate contributed 46%. In extension the scaphoid contributed 99% of capitate motion and the lunate contributed 68%. Contributions of the scaphoid and lunate to wrist extension were 15% greater than values reported in previous in vitro studies, while scaphoid and lunate contributions to wrist flexion were more similar to previous studies. The findings support a relative "engagement" of the scaphoid, capitate, and lunate during wrist extension. The only difference between male and female kinematics was a more distal location of the rotation axes; we believe this was due to a difference in carpal bone size, not gender. This study reports the 3-dimensional in vivo measurement of carpal motion using a noninvasive technology. This technique may prove useful in the study of more complex motions of the hand and wrist and of the abnormal kinematics that occur following ligamentous injury. ( The wrist enjoys stability throughout a nearly complete hemisphere of motion, enabling precision positioning of the digits in space. Carpal stability is derived through a combination of articular geometry and ligamentous constraints. The carpus is actually a complex of several different articulations, frequently simplified into "radiocarpal" and "midcarpal" joints based on functional groupings of the bones into proximal and distal carpal rows. Motion of the carpus has been similarly simplified into "radiocarpal" and "midcarpal" motion to facilitate our understanding.
The wrist enjoys stability throughout a nearly complete hemisphere of motion, enabling precision positioning of the digits in space. Carpal stability is derived through a combination of articular geometry and ligamentous constraints. The carpus is actually a complex of several different articulations, frequently simplified into "radiocarpal" and "midcarpal" joints based on functional groupings of the bones into proximal and distal carpal rows. Motion of the carpus has been similarly simplified into "radiocarpal" and "midcarpal" motion to facilitate our understanding. 1 A more detailed understanding of the kinematics of the carpal bones during wrist motion is necessary to effectively diagnose and treat the many subtle ligamentous injuries of the wrist.
Previous investigations of carpal bone motion have been limited in large part to cadaveric studies. The complex shape and small size of the 8 bones of the human wrist make precise definition of carpal bone motion challenging. These studies typically used implanted metal markers or devices to track the individual carpal bones, requiring disruption of the soft tissue envelope for marker placement.
2-5 Motion of the wrist was then simulated by application of load through the extrinsic tendons crossing the wrist. The constraints imposed by the implanted kinematic markers, as well as the oversimplification of the loading protocols used, limits the ability to generate in vivo conclusions from these cadaveric results. We hypothesized that in vivo carpal motion differs substantially from cadaveric measurements because of the complex interplay between muscle forces, the bony and ligamentous constraints of the carpus, and the invasive methodology used to date. The purpose of our study was to precisely define the kinematics of the scaphoid, lunate, and capitate during wrist flexion and extension in uninjured volunteers and to compare these results with previous cadaveric findings.
Materials and Methods
Both wrists of 10 uninjured volunteers (20 wrists) were studied using a previously described computed tomography (CT) kinematic analysis. 6 There were 5 women (average age, 22 years; range, 21-22 years) and 5 men (average age, 28 years; range, 22-45 years) recruited for the study. Informed consent was obtained from each subject according to institutional review board protocol.
Scanning Protocol
Both wrists were scanned simultaneously using CT (General Electric HiSpeed Advantage, Fairfield, CT). Wrists were positioned within the CT scanner using a custom-designed Plexiglas positioning jig that aligned the forearms parallel to the CT patient table. The volunteer sat at the head of the CT scanner on a specially designed chair to allow their arms to move with the table during image acquisition. A neutral position scan was obtained by visually aligning the dorsum of the metacarpal with the dorsum of the forearm in both the sagittal and coronal planes. Scanning parameters were 120 kVp and 80 mA. The scanning field included the base of the third metacarpa1, the carpus, and the distal radius/ulna. Scans were then obtained in 4 different positions of wrist flexion and extension (30°and 60°flexion, 30°and 60°extension) as defined by a protractor on the positioning jig. Scanning at each position produced a CT volume image consisting of 50 to 60 1-mm contiguous images with typical voxel dimensions of (0.2 -0.9) 2 ϫ 1 mm 3 .
Image Processing
The cortical margins of each carpal bone on each sequential CT image were then defined (segmented) by a thresholding and image algebra process 6 using a 3-dimensional imaging software package (Analyze AVW 2.5; Biomedical Imaging Resource, Mayo Foundation, Rochester, MN) on a Silicone Graphics workstation (Indigo 2 XZ; Silicon Graphics International, Mountain View, CA). The sequential contours were then assembled (associated) into their respective 3-dimensional carpal bone shapes using custom codes to group the contours by similarity and proximity of their centroids (MATLAB; Mathworks, Natick, MA).
Kinematic Analysis
Unique physical properties of each carpal bone (volume, centroid, and principal axis of inertia) were then calculated from the bone surface contours to allow determination of motion from the neutral position to the 2 positions of wrist flexion and the 2 positions of wrist extension. The shape of each carpal bone uniquely defines a centroid, which is the center of mass, and 3 principal axes of inertia, which describe the distribution of mass about the centroid. 7 These 3 axes are orthogonal and emanate from the centroid. Because these axes are uniquely defined by the shape of the bone, they are invariant to bone motion, ie, the axes can be considered to be attached to the bone just as any physical tracking system would be attached. Matching (registration 6 ) of these unique identifiers in 2 different wrist positions enabled precise calculation of rotation and translation of the scaphoid, capitate, and lunate from one position to the next. Rigid body transformations were then used to describe the motions of each bone in relation to an anatomically based XYZ coordinate system constructed in the distal radius. The construction of each coordinate axis was derived from the 3-dimensional anatomical features of the imaged radius using specifically written computer code. The X axis was defined as the best-fit line through the centroids of the diaphysial cross-sections (ϩX was proximal). The direction of the Y axis was defined by the tip of the radial styloid (ϩY was radial). The cross-product of X and Y defined the Z axis (ϩZ was palmar; after Kobayashi et al 3 ) (Fig. 1) . The origin of the coordinate system was the intersection of the X axis with the most distal articular radial surface. To facilitate visual presentation of these complex 3-dimensional data, helical axis of motion parameters were used to describe the motion of each bone from the neutral position. The helical axis of motion uniquely describes any 3-dimensional motion as the rotation of a rigid body around, and translation along, a single axis in space. 8 If the translation is not significant, then the helical axis of motion can be considered a pure rotation axis. Because motion between the third metacarpal and capitate is considered negligible, 5,9 radiocapitate motion was used to indicate global wrist motion.
For the capitate, scaphoid, and lunate a single motion axis in flexion and a motion axis in extension were calculated. The flexion motion axis for each bone was calculated as the average of the 2 helical axes of motion describing motion from the neutral position to the 2 positions of wrist flexion. The average flexion motion axis was then defined for each bone in all the wrists. Orientation of the average axis was the vector summation of the flexion axis vectors. The position of the average flexion motion axis was defined by the midpoint of the 2 closest points on each axis. The variation from the average flexion axis orientation was determined as the angle between each motion axis and the average flexion axis. Identical methods were used to calculate the extension motion axes.
Out-of-plane rotations were calculated as the component of the total helical axis of motion rotation of the motion axis along the X axis (pronation/supination) and along the Z axis (radial-ulnar deviation). The existence of a pivot point, defined as the point through which all motion axes must pass, was evaluated by calculating the minimum distances between subject flexion motion axes and extension motion axes.
The linearity of the contributions of scaphoidradius and lunate-radius rotation to capitate radius rotation was evaluated by least-squares analysis. The significance of the differences between males and females in the proximal-distal (X coordinates) location of the helical rotation axes was determined using unpaired Student's t-test (Instat; Graphpad, San Diego, CA).
Accuracy
The accuracy of the in vivo methodology described here has been determined in a previous in vitro study 10 to have a rotation error less than 1°and a translation error less than 0.6 mm for the capitate, scaphoid, and lunate. In this study our small calculated percent standard deviation of the mean capitate volume indicated that minimal segmentation error was introduced. The volume variation is also small despite a range of CT image acquisition resolutions that might potentially influence the results.
Results

Data Acquisition and Volumes
The protractor measurement of wrist position did not correlate with radiocapitate posture or motion. Radiocapitate motion, which was targeted for 30°a nd 60°flexion and 30°and 60°extension, was calculated to lie in a range of extension and flexion values rather than a cluster of capitate rotations in flexion and extension, respectively ( Fig. 2) . At the experimentally defined neutral position the principal inertial axis of the capitate averaged 45°Ϯ 9°ex-tension and 16°Ϯ 12°radia1 deviation, which indicated that the capitate posture was initially in extension and radial deviation.
The mean capitate volume for our subjects was 2,725 mm 3 (range, 1,987-3,998 mm 3 ). The mean scaphoid and lunate volumes for our subjects were 2,056 mm 3 (range, 1,339 -3,219 mm 3 ) and 1,704 mm 3 (range, 968 -3,404 mm 3 ), respectively ( Fig. 3) . Capitate, scaphoid, and lunate volumes varied by subject and scan position, although the variation with scan position was found to be less than 5.5% of the mean in all subjects.
Wrist Flexion
The amount of scaphoid and lunate contributions to global wrist flexion were different, but both con- Figure 1 . The radial coordinate system superimposed on a 3-dimensional reconstruction of the distal radius and ulna. The Y axis is the primary axis of flexion/extension, the Z axis is the radial-ulnar deviation axis, and the X axis is the axis of pronosupination (after Kobayashi et al 3 ).
tributions were found to correlate linearly with capitate flexion in each wrist (Fig. 4) . Scaphoid flexion measured 73% (r 2 ϭ .85) of capitate flexion during wrist flexion, while the lunate measured 46% (r 2 ϭ .3) of capitate flexion. Thus, motion between the scaphoid and lunate was calculated to be approximately 27% of wrist flexion. In other words, for 60°o f capitate flexion, the scaphoid flexed 44°, the lunate flexed 28°, and scapholunate motion was 16°.
During wrist flexion the greatest out-of-plane motion exhibited for the scaphoid and capitate was in supination/pronation. During attempted pure wrist flexion the capitate was found to rotate 80% Ϯ 21% in flexion (ϩY axis), 14% Ϯ 12% in pronation (ϩX axis), and 5% Ϯ 11% in ulnar deviation (ϩ Z axis) (Fig. 2) . The scaphoid rotation was nearly identical to that of the capitate (ϩY axis, 81% Ϯ 22%; ϩX, 14% Ϯ 16%; ϩZ axis, 5% Ϯ 7%), while the lunate rotated nearly the same in flexion (ϩY, 76% Ϯ 23%), but less in pronation (ϩX, 0.06% Ϯ 0.07%) and more in ulnar deviation (ϩZ, 18% Ϯ 22%) (Table 1) . Translation, as measured along the helical axis of motion for each carpal bone during wrist flexion, typically demonstrated less than 1 to 2 mm of motion for each bone (Fig. 5) .
The orientations of the flexion motion axes for the capitate, scaphoid, and lunate during wrist flexion are listed in Table 1 strated to be nearly colinear in both views. A comparison of the location of the motion axes for the scaphoid indicated that male axis locations were more distal than female locations (Table 2 ) (p Ͻ .02). There were no significant differences between the locations of the capitate flexion motion axis (p ϭ .66) or the lunar flexion motion axis (p ϭ .36) in males and females.
Wrist Extension
During global wrist extension, scaphoid extension measured 99% (r 2 ϭ .91) of capitate extension. The lunate measured 68% (R 2 ϭ .60) of capitate extension during wrist extension (Fig. 4) . As in flexion, scapholunate motion was approximately 27% of global wrist extension. At 60°capitate extension the scaphoid and the lunate rotated approximately 60°a nd 41°, respectively, with 19°motion at the scapholunate joint.
For attempted pure wrist extension the capitate was found to rotate 89% Ϯ 7% in extension (ϩY axis), 2% Ϯ 2% in supination (ϩX axis), and 9% Ϯ 8% in ulnar deviation (ϩZ axis) (Fig. 2) . The scaphoid rotation (ϩY, 9% Ϯ 14%; ϩX, 3% Ϯ 3%; ϩZ, 2% Ϯ 3%) and lunate rotation (ϩY, 90% Ϯ 9%; ϩX, 5% Ϯ 7%; ϩZ, 5% Ϯ 6%) was nearly identical to that of the capitate in extension (Table 1) . When viewed in a video representation of 3-dimensional carpal motion the carpal bones appear to "engage" in extension, rotating and translating as a unit 11 (http:// info.med.yale.edu/ortho/carpal/carpalkinematicvideo. avi and http://info.med.yale.edu/ortho/carpal/ carpalkinematicvideo2.avi).
There was a much greater degree of translation along the extension motion axis of the capitate, scaphoid, and lunate during wrist extension than during wrist flexion (Fig. 5) . At 60°wrist extension the capitate translated an average of 2.6 mm in a radial direction along its motion axis; the scaphoid and lunate both translated in a radial direction along their axes an average of 2.3 mm and 1.7 mm, respectively.
Orientations of the extension motion axes for the scaphoid, lunate, and capitate are demonstrated in Table 1 The orientation of the average flexion and extension motion axis vectors is given as a normalized vector and the average angle between all wrist motion axes. The average flexion and extension motion axes are listed as the variation.
extension. When viewed from distal to proximal there is a much tighter clustering of axes compared with wrist flexion, indicating more closely aligned motion of these 3 bones in extension. A comparison of the extension motion axes for the capitate, scaphoid, and lunate indicated that male axis locations were more distal than female axis locations in wrist extension (p Ͻ .05) ( Table 2) .
Pivot Points and Kinematic Differences With Gender
It is interesting that the motion axes for the carpal bones in flexion and extension did not pass through the same pivot point in space. The closest distance between the capitate axes in flexion and extension was 1.9 Ϯ 1.2 mm. For the scaphoid and lunate there was a larger distance between the flexion and extension axes of 2.0 Ϯ 1.3 mm and 3.0 Ϯ 1.8 mm, respectively. There were no significant kinematic differences in intercarpal motion between the right and left wrists. In addition, we were unable to show a difference between the rotation, translation, and orientation of male and female subject kinematics; however, differences in the location of male and female motion axes existed and depended on the motion and bone, as presented above.
Discussion
This study documents the 3-dimensional in vivo kinematics of the capitate, scaphoid, and lunate using a noninvasive markerless bone registration algorithm. Despite our finding of a moderate degree of variability between wrists at neutral posture, we demonstrated that in vivo motion during wrist flexion and extension between subjects is strikingly similar. This finding implies that the mechanism that governs carpal kinematics is highly uniform between subjects in the uninjured state and is in agreement with the previous work of Kobayashi et al. 3 We were unable to detect any difference in scaphocapitate, lunocapitate, or scapholunate motion between male and female subjects. Similarly, there did not appear to be a difference between right and left wrists or between dominant and nondominant wrists. It is uncertain whether these differences would become significant if the number of subjects or the accuracy of the system was increased. The difference between the location of the flexion and extension motion axes demonstrated between male and female subjects is likely due to a difference in carpal bone size (volumes) between male and female subjects.
While the difference was not statistically significant, we noted a more distal location of the helical axis of rotation of the capitate during wrist extension than that calculated during wrist flexion. One can postulate that the relative engagement of the capitate into its articulations with the scaphoid and lunate during wrist extension essentially produces a single unit of motion with a larger radius of rotation and thus a more distal rotation point (Fig 6) . Our finding of different helical axes of rotation for each of the 3 Data are presented as mean values Ϯ SD. The X (proximal-distal) component was used to determine potential differences between genders. * A significant difference between the X coordinate of the male and female axis locations (p Ͻ .05). carpal bones in flexion and extension speaks to the highly complex nature of carpal motion and may underlie our relative inability to reestablish normal carpal motion with ligament repair or reconstruction. 12 Several kinematic studies have provided support for the row theory of carpal kinematics by demonstrating that each bone within a given carpal row moves in the same direction, albeit with different magnitudes, during any motion of the wrist. 3, 4, [13] [14] [15] In this kinematic study of 20 normal wrists we demonstrated that distribution of motion between the bones of the proximal and distal carpal rows during global wrist motion differs from many previously reported cadaveric and in vivo radiographic studies 16 ( Table 3) . In particular, scaphocapitate and lunocapitate motion in extension is markedly less than that demonstrated previously.
Using implanted staples and orthoradiography Ruby et al 2 concluded that wrist motion in flexion and extension comprised approximately 50% radiocarpal and 50% midcarpal motion. Rotation of the lunate (radiolunate motion) was found to represent only 41 % of radiocapitate extension but 56% of radiocapitate flexion. These investigators documented just 24°of motion between the scaphoid and lunate during global flexion/extension and concluded that it is justified to consider the wrist as comprised functionally of proximal and distal carpal rows.
2 By simulating partial wrist fusion in 12 specimens Gellmann et al 17 similarly concluded that 63% of global wrist flexion and 53% of global wrist extension occurs at the radiolunate joint. More recently, Kobayashi et al 3 measured carpal bone rotations in 3 dimensions using implanted metal markers and biplanar radiography on 22 cadaveric specimens while applying 100 N load in each position to simulate physiologic loading. These investigators demonstrated that radiolunate motion comprised 50% of wrist extension but only 36% of wrist flexion. Scapholunate motion measured 22°extension and 16°flexion. It is of note that out-of-plane motion of the carpal bones during flexion and extension were negligible with their experimental protocol. Patterson et al 5 used a 3-dimensional CT analysis of 5 cadaveric wrists using implanted markers during passive wrist flexion/extension. These investigators concluded that the capitate rotation axis is not fixed around a stationary axis and that translation of the carpal bones is not negligible. Out-of-plane motions were not calculated and the degree of intercarpal motion between the scaphoid and lunate was not specifically addressed. Patterson et al 5 asserted that the wrist can be simplified into a 2-linkage system comprising the proximal and distal rows. Our finding of substantial intercarpal motion between the scaphoid and lunate, along with the complex and differential out-of-plane motions exhibited among these 3 bones, indicate that wrist kinematics cannot be readily simplified into such a system. We concur with Destot's 18 original premise that the scaphoid should not be considered part of the proximal carpal row. The scaphoid appears to be an independent bone with kinematics that are dependent not only on its neighboring bones, but on the direction and magnitude of wrist motion.
Werner et al 13 used an in vitro wrist motion simulator to study the individual contributions of the scaphoid, capitate, lunate, and triquetrum to different wrist motions. These investigators demonstrated that the scaphoid and lunate do not contribute equally to a 60°arc of wrist flexion and extension and concluded that the scaphoid and lunate do not normally function as a unit. Our data agree with this finding, but further indicate that the motion of each of these bones is different in flexion than it is in extension.
The differences between in vivo and in vitro results is not surprising given the difficulties inherent in simulating normal loading conditions, the constraints imposed by implantation of kinematic marking devices, and the likely disruption of soft tissues during the implantation of markers. The use of implanted pins or flags not only constrains the degree of carpal motion secondary to implant impingement, but also may produce interference with the overlying gliding tendons and skin. There are certain limitations to this type of in vivo protocol. Safety concerns for radiation exposure constrain the ability to image the wrist in an unlimited number of positions; hence, our data are derived from only 4 different positions of wrist flexion and extension. Furthermore, the data represent static positioning only and not a measurement of kinematics during dynamic wrist motion. Finally, it is possible that the out-of-plane motions described for the carpal bones is actually a consequence of an arbitrarily imposed orthogonal plane of measurement (flexion/extension) and that natural wrist motion occurs in a unique plane with smooth uniplanar motions of the individual carpal bones. Out-of-plane motion has been identified in several other studies, 3, 15 however, and is thus not likely to be technique dependent or secondary to artifact.
It also should be appreciated that despite our efforts to control wrist position, the actual position of the wrist varied from the targeted positions (as illustrated by the scatter along the x-axis of Fig. 4 ). There are perhaps two important implications of this finding. First, it suggests that wrist measurements based on external references may be a poor indicator of actual wrist position. Second, in our analysis, this variability was actually extremely beneficial because it allowed us to examine the linearity of the rotational coupling between the capitate and the scaphoid and lunate.
The ability to precisely determine carpal kinematics noninvasively is critical to provide a thorough understanding of normal and abnormal carpal motion. Our in vivo carpal kinematic findings have several clinical implications. First, the finding that the capitate, scaphoid, and lunate appear to engage in extension confirms MacConaill's 11 earlier observations of a screw-clamp mechanism in wrist extension, essentially locking the capitate, proximal row, and scaphoid together. Our finding of a much greater contribution from the radiocarpal joint than previously thought may help to explain a relatively high failure rate (8 of 15 procedures), loss of motion, and secondary scaphoid fracture following radioscapholunate fusion. 19 The demonstration of appreciable translation and out-of-plane rotation during the relatively simple motion of wrist flexion/extension may provide insight into the high long-term failure rate of implant arthroplasty designs, which are relatively unconstrained in rotation but which provide little means for translation. Finally, an in vivo approach to kinematic measurement may have future diagnostic applications, particularly following ligament injuries that do not present with overt carpal malalignment.
